Several Vibrio species are known to be pathogenic to the Pacific oyster Crassostrea gigas. Survival varies according to pathogen exposure and high mortality events usually occur in summer during gametogenesis. In order to study the effects of gametogenetic status and ploidy (a factor known to affect reproduction allocation in oysters) on vibriosis survival, we conducted two successive experiments. Our results demonstrate that a common bath challenge with pathogenic Vibrio splendidus and Vibrio aestuarianus on a mixture of mature, spawning and non-mature oysters can lead to significant mortality. Previous bath challenges, which were done using only non-mature oysters, had not produced mortality. Immunohistochemical analyses showed the affinity of Vibrio for gonadic tissues, highlighting the importance of sexual maturity for vibriosis infection processes in oysters. Mortality rate results showed poor repeatability between tanks, however, in this bath challenge. We then tested a standardized and repeatable injection protocol using two different doses of the same combination of two Vibrio species on related diploid and triploid oysters at four different times over a year. Statistical analyses of mortality kinetics over a 6-day period after injection revealed that active gametogenesis periods correspond to higher susceptibility to vibriosis and that there is a significant interaction of this seasonal effect with ploidy. However, no significant advantage of triploidy was observed. Triploid oysters even showed lower survival than diploid counterparts in winter. Results are discussed in relation to differing energy allocation patterns between diploid and triploid Pacific oysters.
Responses of diploid and triploid Pacific oysters Crassostrea gigas to
Vibrio infection in relation to their reproductive status 
Abstract:
Several Vibrio species are known to be pathogenic to the Pacific oyster Crassostrea gigas. Survival varies according to pathogen exposure and high mortality events usually occur in summer during gametogenesis. In order to study the effects of gametogenetic status and ploidy (a factor known to affect reproduction allocation in oysters) on vibriosis survival, we conducted two successive experiments. Our results demonstrate that a common bath challenge with pathogenic Vibrio splendidus and Vibrio aestuarianus on a mixture of mature, spawning and non-mature oysters can lead to significant mortality. Previous bath challenges, which were done using only non-mature oysters, had not produced mortality. Immunohistochemical analyses showed the affinity of Vibrio for gonadic tissues, highlighting the importance of sexual maturity for vibriosis infection processes in oysters. Mortality rate results showed poor repeatability between tanks, however, in this bath challenge. We then tested a standardized and repeatable injection protocol using two different doses of the same combination of two Vibrio species on related diploid and triploid oysters at four different times over a year. Statistical analyses of mortality kinetics over a 6-day period after injection revealed that active gametogenesis periods correspond to higher susceptibility to vibriosis and that there is a significant interaction of this seasonal effect with ploidy. However, no significant advantage of triploidy was observed. Triploid oysters even showed lower survival than diploid counterparts in winter. Results are discussed in relation to differing energy allocation patterns between diploid and triploid Pacific oysters.
Introduction 54 55
For many years, significant mortalities of Pacific oyster Crassostrea gigas have been reported 56 during the summer period. These seasonal mortalities produce no specific clinical signs of 57 disease and affect both juveniles and adults, but are usually greater among young individuals 58 (i.e. -seed‖ or -spat‖). This is notably the case in France, where seed mortalities have become 59 a serious threat to the oyster industry. The aetiology of this phenomenon is clearly 60 multifactorial, resulting from complex interactions between pathogenic agents, environmental 61 factors and the genetic and physiological status of the oysters (Samain and McCombie, 2008) . 62
Two main types of pathogenic agents, the herpes virus OsHV-1 (Renault et al., 1995) and 63 bacteria of the genus Vibrio (Vibrio splendidus and Vibrio aestuarianus), have been detected 64 in dying oysters during summer mortality episodes (Garnier et al., 2007; Gay et al., 2004; reproductive effort and survival mentioned above, these factors have also been shown to be 88 associated with higher summer mortality (Pouvreau et of energetic re-allocation processes (Hawkins et al., 1994 corresponding to different reproductive stages in the diploid oysters (Table 1). For each  228 challenge, 42 to 69 (mean number = 57) randomly sampled oysters from each group were 229 placed in thermo-controlled aerated seawater in order to acclimate them to the seawater 230 temperature at 20 °C over five days before transfer to the infection room. Subsequently, 100 231 μL of a mix of virulent Vibrio suspension were injected into the adductor muscle of the 232 oysters. The challenge procedures are described in Saulnier et al. (2010) . In the present study, 233 the two different virulent Vibrio strains belonging to both species frequently detected during 234 oyster mortality outbreaks -Vibrio splendidus LGP32-GFP strain and Vibrio aestuarianus 235 02/041 strain (Garnier et al., 2007 ) -were used in equal concentration because of their 236 synergistic effect (Saulnier et al., 2010) . At each date, the pre-determined high dose and low 237 dose were used, corresponding respectively to 10 7 and 10 6 total CFU injected per individual, 238 as defined in the three preliminary injection experiments (see above). Negative controls 239
consisted of a group of 20 to 36 oysters injected with sterile artificial seawater. At least three 240 tanks were used per date, group and dose as experimental structure replicates (16 to 21 oysters 241 per tank). Mortality was monitored twice a day and newly dead oysters were removed from 242 each tank over a 6-day period. Moribund animals were checked for infection by LGP32-GFP 243 and 02/041 pathogenic strains using classical bacteriological analysis on haemolymph 244 samples, and specific molecular-based-diagnostic tests (Saulnier et al., 2007) . 245 The reproductive stages of triploid oysters are not presented here due to the lack of an 257 appropriate classification scale (Normand et al., 2009 Mean survival at 13 days post-infection after 40 h bath challenge is presented in Fig. 1A . No 304 significant mortality had occurred in control tanks and survival was very significantly lower 305 in bath challenged tanks than in control tanks (χ² = 27.62, p < .0001). To our knowledge, this 306 is the first time that experimental vibriosis infection using a bath protocol efficiently induced 307 any mortality in C. gigas. A high variability of survival rates was found for bath challenge 308 conditions, with one tank showing quite low mortality. Survival rates measured in the four 309 tanks were 15 %, 29 %, 36 % and 78 %. Furthermore, we found no significant differences in 310 mortality with reproductive status (χ² = 1.18, p = 0.5551; survival rates of 31%, 42 % and 45 311 % for spawning, mature and non mature individuals, respectively). 312 lower -but significant -GO (16 %) compared with diploid individuals (Fig. 2B) . 335
At the time of the second infection (B), all diploid oysters were ripe, i.e. in stage 3, reaching 336 complete maturation of their gonadic tissues and ready to spawn ( Fig. 2A) . Their mean GO 337 was significantly higher than at the time of infection A (68 %) (p < 0.0001). Triploid oysters 338 presented a similar gonadic occupation as at infection A (p = 0.1302) (Fig. 2B) . 339
At the third infection (C), about 25 % of diploid oysters were still in stage 3 while a larger 340 proportion (about 50 %) were in the post-spawning stage (stage 4) ( Fig. 2A) . Moreover, the 341 remaining quarter showed no development of gonadic tissues at all (stage 0), suggesting that 342 they had spawned a few weeks before sampling ( Fig. 2A) . As a result, the mean GO of 343 diploid oysters was lower than at the time of infection B (49 %) (p < 0.0001). A few triploid 344 individuals still showed some gonadic maturation at date C with low mean GO (for 3nDT 345 group, p < 0.0001 and for 3nCB group, p = 0.0034), indicating that most oysters of the 346 triploid groups underwent resorption of gonadic tissues. 347
Finally, as expected for the winter period, no sexual activity was observed at the time of 348 infection D (100 % of individuals being in stage 0) ( Fig. 2A) . 349
Overall, clear reproductive differences were visible between diploid and triploid oysters at 350 infections A, B and C, while no difference was observed during the resting stage when 351 infection D was performed. The two types of triploid (3nCB and 3nDT) showed similar 352 reproductive status over the sampling dates, except at infection C were GO was higher for 353 3nDT than for 3nCB (3 % versus 11% respectively). 354 5 CFU oyster -1 for each strain, gave a mean survival 360 rate of 76 ± 15 %, whereas the higher dose, corresponding to the injection of a mix of LGP32 361 and 02/041 strains at a dose of 5×10 6 CFU oyster -1 for each strain, gave a mean survival rate 362 of 35 ± 20 %. This dose determination allowed us to control the degree of severity of the 363 challenge and to obtain analyzable variable survival rates.
No mortality occurred in the control tanks in any of the experiments (data not shown). 368
Mortality in the inoculated treatments was therefore considered to be due to the Vibrio mix. 369
Moreover, molecular and classical bacteriological diagnostic tests confirmed the Vibrio 370 infection with a high concentration, up to 10 6 CFU/ml, of the inoculated Vibrio found in 371 individual haemolymph samples. 372 The contrast analysis done using the TPHREG procedure detected a significant differentiation 378 between diploid and triploid groups (χ² = 6.12, p = 0.013) but did not detect any effect of 379 triploidy induction method (χ² = 0.22, p = 0.640) ( Table 3) . 380
Global analysis revealed a very significant treatment effect (χ² 1 = 50.77, p < .0001), which is 381 due to the lower survival obtained with the higher injection dose. Date and group effects were 382 also significant (respectively χ² 3 = 10.24, p = 0.017; χ² 2 = 6.17, p = 0.046), as was their 383 interaction (χ² 5 = 11.44, p = 0.043) and the interaction between date and treatment (χ² 3 = 8.68, 384 p = 0.034). Consequently, we analysed survival functions with a univariate approach in order 385 to further describe the variability of response to experimental vibriosis. 386 For each treatment, the survival distribution function, which represents the proportion of 390 animals still alive each day of the period following injection, was characterized by the 391 product-limit method (Kaplan and Meier, 1958), and plotted from the day of injection until 392 the end of the test (Fig. 3) . than those calculated at dates A (2.9 ± 0.2 days) and B (2.6 ± 0.2 days) (Fig. 4B) . 414
The same pattern of survival distribution functions was observed at both doses for the 3nCB 415 group, and the kinetic obtained at date C for the higher dose was significantly different from 416 those calculated at date B (p < 0.0001) and date D (p = 0.0002) (Figs 4A & 4B) . The 417 maximum survival times for both doses were found at date C (lower dose: 5.9 ± 0.05 days; 418 higher dose: 4.6 ± 0.2 days). At date B, survival reached 5.2 ± 0.2 days at the lower dose and 419 3.2 ± 0.2 days at the higher dose, while at date D it was 4.9 ± 0.2 days at the lower dose and 420 3.4 ± 0.2 days at the higher dose (Fig. 4B) . The survival kinetics obtained for 2n and 3nDT groups at date A were statistically similar to 425 each other for both doses (lower dose: p = 0.6119; higher dose: p = 0.1298). However, the 426 mean survival time obtained for the 2n group (5.3 ± 0.2 days at the lower dose and 3.4 ± 0.2 427 days at the higher dose) was higher than that obtained for the 3nDT group (4.6 ± 0.1 days at 428 the lower dose and 2.9 ± 0.2 days at the higher dose) (Figs 4A & 4B) . 429
At date B, the 3nDT group presented a lower mean survival time than the 2n group at thewhereas the other survival functions obtained for the three groups are alike for both doses 432 (Figs 4A & 4B) . 433
In experimental infection C, the 3nCB group survival functions were significantly different 434 from those of the 2n (lower dose: p = 0.0230, higher dose: p = 0.0325) and 3nDT groups 435 (lower dose: p = 0.0046; higher dose: p = 0.0023). Mean survival times for the 3nCB group at 436 this date were 5.9 ± 0.05 days after the lower injection dose and 4.6 ± 0.2 days after the higher 437 injection dose (Figs 4A & 4B) . for Vibrio infection processes in oysters. However, our bath challenge protocol showed poor 475 repeatability between tanks. It appeared that this method did not create a common challenge 476 to all animals, probably due to the multiplicity of events which could have occurred between 477 the time the water was contaminated and the moment when the Vibrio entered the oyster. (Saulnier et al., 2010) . In the present study, experimental infections were carried out 490 paying particular attention to the reproducibility of all controllable parameters: preparation of 491 the inocula, injection procedures, density, seawater quality, tanks, temperature, aeration, 492 mortality survey specification. We ensured that all animals were at equal risk of being 493 infected by using the same amount of bacterial inoculum at the four different dates over the 494 year. Moreover, the fact that no mortality was observed in control tanks during any of the 495 injection experiments strongly suggests that the mortality in Vibrio challenge tanks was due to 496 the injected Vibrio mix. Furthermore, we verified with the plate-counting method and 497 molecular diagnostic tests that haemolymph samples from some freshly dead oysters 498 harboured dominant bacteria belonging to the same species as those injected (data not shown), 499 fulfilling one of the Koch's postulates and confirming the Vibrio infection was the cause of 500 death. Besides these verifications, the clear dose effect, observed at each date, confirmed 501
Vibrio infection. In the light of these results, we can be confident that experimental injections 502
were performed under as uniform conditions as possible, allowing an objective comparison of 503 the four sampling dates. 504 505 Nevertheless, although survival of control oysters injected with sterile artificial seawater was 506 not affected (i.e. 100 % survival rates observed at each condition), it is obvious that this 507 procedure of experimental infection is invasive and bypasses the natural means of entrance of 508 virulent Vibrio into the host tissues and, in this way, bypasses the first lines of defence. 509
However, even though this injection procedure does not mimic the natural route of infection, 510 it allowed experimental co-infection to be tested in a way that led to repeatable vibriosis 511 mortality results. This allowed us to further investigate to importance of reproductive status, 512 modulated by ploidy and time, on resistance to vibriosis. 513 514 Lastly, summer mortality under natural conditions arises from a complex interaction ofexperimental conditions. We worked under controlled experimental conditions to assess the 517 effect of sexual maturity and ploidy, both of which appear to be relevant. It should also be 518 noted also that we cannot totally exclude the implication of other factors that covaried over 519 time with the reproductive status of the studied oysters. 520 521
2. Statistical analysis of survival kinetics 522 523
The final general Cox model using TPHREG procedures (Cox, 1972) survival and reproductive effort to be assessed at an individual scale. Such data is not easy to 542 obtain, as non-destructive methods to quantify reproductive status of oysters are still in 543 development (Davenel et al., 2006) . 544 bath challenge, revealed significant mortality. Even though the Vibrio entry route remains to 552 be identified, numerous V. splendidus-GFP bacteria were specifically detected in gonadic 553 tissues, using the specific immunohistochemical method (Fig. 1B) . The organisation in foci 554 reinforces the hypothesis that Vibrio has an affinity for this kind of tissue. Gonadic tissue 555 could constitute both a facilitated route of entrance and a highly nutritive tissue, favourable to 556 pathogenic bacteria strains associated with mortality events in C. gigas reared in France 571 (Saulnier et al., 2010) . The affinity of the bacteria for gonadic tissues underlined in the 572 present study should probably be considered as an aggravating factor that acts in synergy with 573 energetic re-allocation from survival to reproduction to increase oyster vulnerability to 574
vibriosis. 575
The significant variations in resistance to experimental infections over the reproductive cycle 576 could be linked to sexual maturation. One major trend is the increase of survival at date C 577 compared with dates A and B, observed for all the three groups and both treatments. given according to the reproductive status of the tested oysters. A ² test was performed to 1026 analyse significant differences of survival rates obtained after bath challenge. 
